Intestinal helminths are prevalent in individuals who live in rural areas of developing countries, where obesity, type 2 diabetes, and metabolic syndrome are rare. In the present study, we analyzed the modulation of the gut microbiota in mice infected with the helminth Strongyloides venezuelensis, and fed either a standard rodent chow diet or high-fat diet (HFD). To investigate the effects of the microbiota modulation on the metabolism, we analyzed the expression of tight-junction proteins present in the gut epithelium, inflammatory markers in the serum and tissue and quantified glucose tolerance and insulin sensitivity and resistance. Additionally, the levels of lipids related to inflammation were evaluated in the feces and serum. Our results show that infection with Strongyloides venezuelensis results in a modification of the gut microbiota, most notably by increasing Lactobacillus spp. These modifications in the microbiota alter the host metabolism by increasing the levels of anti-inflammatory cytokines, switching macrophages from a M1 to M2 pattern in the adipose tissue, increasing the expression of tight junction proteins in the intestinal cells (thereby reducing the permeability) and decreasing LPS in the serum. Taken together, these changes correlate with improved insulin signaling and sensitivity, which could also be achieved with HFD mice treated with probiotics. Additionally, helminth infected mice produce higher levels of oleic acid, which participates in anti-inflammatory pathways. These results suggest that modulation of the microbiota by helminth infection or probiotic treatment causes a reduction in subclinical inflammation, which has a positive effect on the glucose metabolism of the host.
Introduction
In the past 12 years, data coming from different sources have shown that the gut microbiome has an important role in the control of dietinduced obesity [1] [2] [3] [4] . Previous studies have shown that in germ-free mice, a high fat diet (HFD) induces less weight gain, and does not induce adipose tissue inflammation and/or insulin resistance [5, 6] .
The gut microbiota is shaped by diet, drugs, aging, hormones and many other modulators, and plays a key role in the transformation and absorption of nutrients (i.e. fibers, short chain fatty acids, amino acids, bile acids as well as other metabolites) by the host. Thus the microbiota might also influence how nutrients and bioactive molecules exert their actions [7] [8] [9] [10] [11] [12] [13] . It is well known that obesity and insulin resistance are associated with systemic and adipose tissue inflammation [14] . Previous data showed that the microbiota is a source of signaling metabolites, including lipopolysaccharide (LPS), a lipid found in the membrane of gram-negative bacteria that can be the trigger of inflammation and insulin resistance [4, [15] [16] [17] [18] [19] .
Transplantation of germ-free mice with Escherichia coli increases macrophage infiltration in adipose tissue and polarize macrophages towards the expression of pro-inflammatory cytokines (M1 macrophages) [20] . Plasma lipopolysaccharide levels increase in patients with type 2 diabetes [21] , and the infusion of lipopolysaccharide to mice for few weeks increase adipose tissue, induces inflammation and reduce insulin sensitivity [22] . In addition, it is suggested that the increased levels of circulating LPS in obesity is also related to an increase in intestinal permeability, and that modulation of the proteins claudin, occluding and ZO-1 are key in this process [23] .
Recent evidence has demonstrated that in animal models and in humans, a HFD and/or obesity are associated with decreased gut microbial diversity and can cause shifts in the equilibrium of certain microbes, at different taxonomic levels [5, 24, 25] . Thus, fluctuations in the population of the four major phyla, i.e., Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria, among others, have been associated with obesity and insulin resistance [7, 15, 26] . In addition, different factors associated with the onset of obesity are also associated with microbiota modulation [7, 27, 28] . On the other hand, factors that might prevent obesity are also associated with increased diversity in microbiota and modulations that do not favor weight gain [29] [30] [31] [32] [33] .
A growing body of evidence indicates that there is an inverse correlation between obesity/metabolic syndrome/type 2 diabetes and helminth infection [34] [35] [36] . Additionally, it has also been reported that there is a relationship between intestinal parasites and gut microbiota [37] [38] [39] . However, it is not yet established whether the microbiota modulation induced by helminths has an influence on insulin sensitivity and glucose homeostasis. In the present study we investigated in a mouse model fed with different diets (control diet and HFD diet), the effect of Strongyloides venezuelensis infection on the composition of the gut microbiota, and evaluated some of the potential consequences these alterations could have on the host metabolism, with a particular emphasis on whole body insulin sensitivity.
Methods

Mouse model and infection protocols
Male 4-wk-old Swiss (Sw/Uni -Jackson Laboratory), bred at the State University of Campinas Breeding Center, were used in the study. Previous data from our laboratory demonstrated that these mice are a suitable model for diet induced obesity (DIO), insulin resistance and diabetes [33, 40] . Furthermore, in this study we used Swiss mice because this mouse strain is more susceptible to the Strongyloides venezuelensis infection than C57BL/6, commonly used in research related to obesity and diabetes. In preliminary experiments, there was a 3-fold increase in S.venezuelensis eggs recovered in feces from infected Swiss mice as compared to eggs recovered in C57BL/6 feces (data not shown).
The investigation followed the University guidelines for the use of animals in experimental studies and is conformed to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publication No. 85-23, revised 1996) . The Ethics Committee of the University of Campinas approved all experiments. Animals (n = 7 per group) were maintained in individual cages with free access to water and regular rodent chow or high fat diet for ten days (55% of energy derived from fat, 29% from carbohydrates and 16% from protein), on artificial 12-h light, 12-h dark cycle.
Larvae disinfection and mouse infection
A Strongyloides venezuelensis strain isolated from wild rodents was maintained in the Parasitology Department, State University of Campinas, Brazil, by passage through Wistar rats.
Cultures were stored at 28°C for 72 h, and the infective larvae were collected and concentrated with a Baermann apparatus. The number was adjusted to 20,000 L3 per mL Phosphate-buffered saline (PBSNaCl 137 mM, KCl 2.7 mM, Na 2 HPO 4 10 mM , KH 2 PO 4 1.8 mM, pH 7.4) for infection. Recovered larvae were decontaminated according to Martins W.A et al. [41] .
Mice were individually inoculated by subcutaneous abdominal injection of 100 μL PBS containing 2 × 10 3 S. venezuelensis L3. Mice were divided into 4 groups of 7 mice each (28 animals in total). The group of infected mice fed with regular rodent chow and their controls were named INF/R and CTR/R, respectively. Groups of infected mice fed with high fat diet and their controls were named INF/HFD and CTR/ HFD. Control groups received 100 μL of sterilized PBS.
Counting of strongyloids venezuenlensis eggs
The intensity of infection was determined by counting the number of eggs per gram of feces (EPG) by a modified McMaster technique [42] , where each egg counted represented 100 eggs/g. To eliminate the possibility of mice re-infecting themselves from fecal sources, cages were changed daily. Since previous results showed that the maximum numbers of worms are recovered at 6-7 days after infection [43] , animals were killed on the seventh day of infection.
Tissue extraction
After 7 days of infection, mice fasted for 8 h were anesthetized by intraperitoneal injection of ketamine and diazepam. The abdominal cavity was opened, the vena cava exposed and intestine, and adipose tissue were removed for further experiments.
Metagenome profile
Small intestine and cecum were removed aseptically, to analyze microbiota composition. Fecal samples were collected, frozen in liquid nitrogen and kept at −80°C until use. DNA was extracted using the QIAamp DNA Stool Mini Kit (Qiagen, Germany) and quantified. The V2-V3 region of the 16S rRNA gene was amplified by PCR with the following set of primers: V2 (forward) 5′AGAGTTTGATCCTGGCT CAG-3′ and V3 (reverse) 5′-GCTGCCTYCCGTAGGAGT-3′ (modified from Chakravorty et al. [44] , with the addition of Roche 454 pyrosequencing adaptors LibA/LibB and MID tags. PCR products were purified (AmPure XP), quantified (PicoGreen) and mixed in an equimolar pool. Sequencing was carried out with the GS FLX Titanium equipment, using a GS FLX Titanium MV in PCR Kit (Lib-A) combined with a GS FLX Titanium Sequencing Kit XL+, according to the manufacturer's instructions (Roche Applied Science, Germany). The data obtained from the sequencing were submitted to the MG-RAST server and taxonomically compared among groups [45] .
RNA extraction and cDNA synthesis
The ileal epithelium (100 μg) was homogenized in TRIzol Reagent ® (Invitrogen, Canada) using a Polytron homogenizer (kinematica). Total RNA was extracted according to the manufactureŕs protocol. RNA samples were purified with RNeasy mini kit Qiagen ® and quantified using a NanoDrop spectrophotometer (NanoDrop Technologies, USA) at a wavelength of 260 nm. Complementary DNAs (cDNAs) were synthesized using the First Strand cDNA Synthesis Kit (Fermentas Table 1 ). Expression of transcripts was normalized to both GAPDH and ACTIN-B endogenous genes using geNorm software [46] .
Inflammatory marker assays
ELISA kit was used to determine IL-10 serum concentrations (Thermo Fisher Scientific, USA). For LPS determination, sterile serum samples obtained from portal vein blood were diluted to 20% (vol/vol) F. Pace et al. Pharmacological Research 132 (2018) [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] with endotoxin-free water and heated to 70°C for 10 min to inactivate serum proteins. LPS was quantified using a Limulus Amebocyte Assay (Cambrex, USA), according to the manufacturer's protocol.
Glucose tolerance test
We used 4 different groups of animals to perform the glucose tolerance test and after 2 days, the euglycemic glucose clamp was also performed. After a 6 h fasting, mice were anesthetized by an i.p. injection of sodium amobarbital (15 mg/kg body weight), and the experiments were initiated after the loss of corneal and pedal reflexes. After collection of a fasting blood sample (time 0), a solution of 20% glucose (2.0 g/kg body weight) was administered into the peritoneal cavity. Blood samples were collected from the tail at 30, 60, 90, and 120 min for determination of glucose and insulin concentrations [47] .
Euglycemic-Hyperinsulinemic clamp
After a 6-h fasting period, a prime continuous (3.0 mU/kg/min) infusion of regular insulin was administered in the jugular vein in the groups of mice for 2 h from time 0, to raise plasma insulin and maintain it at a steady-state plateau (90-120 min). A variable glucose infusion (10%) was started 5 min after the beginning of the experiment and was corrected, if necessary, to maintain glucose levels between 5 and 6.1 mmol/l [47] . Blood samples for determination of plasma glucose were obtained at 5-min intervals throughout the study, by tail bleeding.
Immunofluorescence
Formalin-fixed paraffin-embedded adipose tissue sections were deparaffinized and rehydrated prior to antigen unmasking by boiling in 10 mM sodium citrate, pH 6.0, for 15 min. Sections were blocked in normal serum and incubated overnight with primary antibodies (F4/80 and mMGL1-Santa Cruz Biotechnology, USA). Secondary antibody staining was performed using the FITC-or TRITC-conjugated antibody from Santa Cruz Inc (Santa Cruz, USA). Sections were counterstained with DAPI.
Probiotic administration protocol
For this experiment we used only animals on HFD for 14 days. The probiotic was suspended in saline solution (0,9% NaCl) to a concentration of 6 × 10 9 UFC of Lactobacillus acidophilus, 6 × 10 9 UFC of Lactobacillus rhamnosus and 6 × 10 9 UFC of Lactobacillus paracasei, and was administered to each mouse over five consecutive days. The control group, also on HFD, received only saline solution. We performed this experiment as described above (with five animals in each group, 2 groups = 10 animals total) in order to investigate glucose tolerance with GTT and after 2 days, insulin sensitivity by the Euglycemic glucose clamp.
Statistical analysis
Results are expressed as mean ± SEM. Statistical analyses were performed using two-way ANOVA with the Bonferroni test for post hoc comparisons and Student's t-test where necessary. A p-value < 0.05 was considered statistically significant.
Lipids analysis by STELDI (Surface tuning enhanced laser desorption/ ionization)
Mice's blood and small intestine content (feces) were directly stamped in a TLC silica gel (60 Å) plate (Merck, Germany). No matrix was applied. Metabolic fingerprinting was obtained using a MALDI-LTQ-XL instrument equipped with imaging feature (Thermo Scientific, USA). The instrument uses an ultraviolet nitrogen laser. Operating conditions were established at 20 μJ laser power, 50 μm raster step size, sample size of 1000 × 1000 μm (100 pixels), three laser shots per step and 30-50 normalized collision energy for collision-induced dissociation (CID) when performing MS/MS experiments. Helium was used as the collision gas. Data acquisition for survey scan was performed at the m/z range of 150-600 in negative ion mode. Ions with relative intensities less than 10% were excluded [48] [49] [50] .
Statistical analysis of chemical biomarkers
Lipidomics platform was used to assess if diet and helminth infection could change lipid profile in blood and gut microbiota. At this purpose, 5 animals for each treatment group were analyzed (CTR/R, INF/R, CTR/HFD, INF/HFD). Principal component analysis (PCA) was performed on metabolic fingerprint obtained on the MALDI-LTQ-XL as detailed above using Unscrambler v.9.7 (CAMO Software, Norway).
MS/MS reactions were performed with each potential biomarker identified by PCA. The obtained MS/MS spectral data from samples were submitted to structural analysis with Mass Frontier software v.6.0 (Thermo Scientific, USA), METLIN (Scripps Center for Metabolomics, La Jolla, USA), Lipid MAPS (University of California, CA-www.lipidmaps. org), and Human Metabolome (University of Alberta, Edmonton, CA-www.hmdb.ca) online databases. The inputted structures were analyzed using algorithms and database information to produce fragment possibilities, which were then compared to the MS/MS spectra to assist in compound identification.
Relative quantification
All imaging data were processed using ImageQuest software v.1.0.1 (Thermo Scientific, USA). The obtained images for each identified chemical marker were quantified (relative quantification) using ImageJ software (National Institutes of Health, USA -Open Source) on gray scale images, as previously described [48] [49] [50] [51] . Statistical significance was assessed by nonparametric Mann-Whitney test.
Results
Infection of mice with Strongyloides venezuelensis
To investigate the relationship between helminth infection and the gut microbiota, we analyzed the microbiota of 14 mice infected with Strongyloides venezuenlensis, a model for studying human Strongyloidosis infection. Four days after a subcutaneous injection of L3 infective Strongyloides venezuenlensis larvae, adult parasitic female worms can be observed in the gut, with reproduction commencing shortly thereafter, as detected by the presence of eggs and larvae in the feces [52] .
Microbiota analysis
To characterize the gut microbiota, we performed pyrosequencing (Roche 454 Life Sciences ® ) of the 16S ribosomal RNA (rRNA) on the contents from the cecum and small intestine. The microbiota from the small intestine of infected mice presented strong differences when compared to controls ( Figs. 1 and 2) . A vast majority of the sequences analyzed from the small intestine belonged primarily to four major phyla: Firmicutes, Bacteroidetes, Proteobacteria and Tenericutes. Strongyloides infection resulted in an increase in Firmicutes (49.8% CTL/R vs 84.8% INF/R vs and 35.1% CLT/HFD vs 70.8% INF/HFD) and decreased in Bacteroidetes (48.9% CTL/R vs 14.00% INF/R and 37.5% CTL/HFD vs 10.9% INF/HFD) in the microbiota from the small intestine of infected animals when compared to non-infected animals (Fig. 1) . Interestingly, approximately 80% of the bacteria present in the small intestine of INF/R belonged to the Lactobacillus genus. In fact, Strongyloides infection resulted in a substantial increase in Lactobacillus spp detected in the small intestine of infected animals when compared to (Fig. 2) . With regards to the cecum, Strongyloides venezuelensis infection induced inconsistent changes with either the Regular or HFD diet in the gut microbiota, without apparent positive modulation of Lactobacillus and negative modulation of Bacteroides. Thus Strongyloides infestation of the small intestine specifically modulates its microbiota composition, without affecting to a major extent the composition of the cecum microbiota ( Supplementary Figs. 1S and 2S ). Since nutrients absorbtion physiologically occurs almost exclusively in the small intestine, modulation of the gut microbiota in it which occurs after helminth could be somehow consistent with increased insulin sensitivity and reduced subclinical inflammation.
Effect of helminth infection on insulin sensitivity and signaling in mice fed a standard chow diet or HFD
We analyzed the metabolic parameters in infected mice fed a standard chow diet (Fig. 3A-E ) and a HFD (Fig. 4A-E) . Helminth infection did not cause a significant change in body weight, epididymal fat pad weight (Figs. 3A,B, 4A,B) or food intake (data not shown), when compared to controls. Additionally, the blood glucose levels, based on the results from glucose tolerance tests (GTT), were similar between the INF/R and CTR/R groups (Fig. 3C) . However, after 10 days, the HFD induced a clear glucose intolerance in the CTR/HFD group, which was significantly improved in the INF/HFD group (Fig. 4C) .
To directly evaluate insulin sensitivity, we employed the hyperinsulinemic euglycaemic clamp technique. Infected mice fed a standard chow diet or a HFD presented a significant increase in glucose utilization under the insulin stimulus compared with controls, which demonstrated an increase in insulin sensitivity (Figs. 3D and 4D) .
Since adipose tissue plays a significant role in the metabolism of mice and adipose tissue macrophage infiltration contributes to insulin resistance, we analyzed the macrophage patterns in the epididymal adipose tissue. Our data showed that M2 macrophage markers were increased in the adipose tissue of INF/R and INF/HFD mice, when compared to controls (Figs. 3F and 4F ).
Helminth infection increased tight junction expression and reduced intestinal permeability and inflammation
Multiple mechanisms relating changes in the intestinal microbiota with changes in the immune system and insulin sensitivity have been described [15, 53, 54] . Circulating levels of the anti-inflammatory (Figs. 5B and 6B ). The integrity of the epithelial cell layers is maintained by intercellular junction complexes, composed of a group of membrane proteins (occludin, claudins, and junction adhesion molecules) that interact with a complex group of tight junctions' proteins (Zonula Occludens -ZOs), which function to regulate paracellular solute, water flux and integrate other cell functions [55] . Thus, it is possible that changes in the protein composition in the epithelial cell layers could modify the permeability and other functions of the small intestinal epithelium. Utilizing qPCR, we analyzed the gene expression of tight junction proteins in the small intestinal epithelium, following Strongyloides venezuelensis infection. In the INF/R mice there was an increase in the expression of tjp1 (ZO-1), tjp2 (ZO-2), cldn2 (claudin2) and ocln (occludin), and in the INF/HFD mice there was an increase in the expression of ocln (Figs. 5C-F, 6C-F) . These data suggest that the intestinal permeability, of the infected mice, was decreased, which could account for the reduced levels of LPS in the serum.
Lactobacillus spp. administration improves glucose tolerance in mice fed a HFD
To investigate whether the improvement in glucose tolerance and insulin sensitivity in the INF/HFD mice, was due to changes in the gut microbiota and more specifically to an increase in Lactobacillus spp., we administered a probiotic containing a mixture of Lactobacillus spp., via gavage, to mice fed a HFD, and then performed a GTT and euglycemichyperinsulinemic clamp. The mice that were fed a HFD and administered Lactobacillus spp., showed a distinct improvement in glucose tolerance (Fig. 7A ) and an increase in glucose utilization during the insulin stimulus (Fig. 7B) , when compared to non-treated mice, which is indicative of an improvement in glucose metabolism and an increase in insulin sensitivity, respectively.
Lipidomic analysis
Principal component analysis (PCA) of mass fingerprint spectra obtained by STELDI analysis on blood and feces (Figs. 3S and 4S) , well discriminated between CTR and INF animals, both fed by a R diet, and fed by a HFD diet. Separations were 76% (CTR/R vs INF/R in blood); 79% (CTR/HFD vs INF/HFD in blood); 82% (CTR/R vs INF/R in feces) and 83% (CTR/HFD vs INF/HFD in feces), respectively (Fig. 8) . [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] For chemical biomarker identification, MS/MS experiments were performed after the PCA analysis, and compared to characteristic fragmentation processes found the Lipid MAPS database and Mass Frontier software. The structures of lipids showing significant differences between groups were confirmed by comparing the MS/MS fragmentation pattern with the patterns from pure standards. Table 1S summarizes principal lipid biomarkers identified via MALDI-MSI instrument in blood and feces samples (negative ion mode) after PCA [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] analysis, and their precursor ion typical MS/MS fragmentation as found in databases.
In Fig. 9 , the relative quantification of the major lipids is reported. By comparing all four groups, consistently with improved insulin sensitivity and glucose tolerance, helminth infection significantly increased the oleic acid content in the blood and the small intestine (p < 0.01) of mice under regular (R) and high fat diet (HFD) (p < 0.01), while there was a significant decrease in palmitic acid in 
Discussion
The present study showed that Strongyloides venezuelensis infection of control or HFD mice modulated the microbiota in the small intestine, inflammatory markers and proteins from the intestinal barrier, reduced adipose tissue inflammation and some specific circulating lipids resulting in an improvement in insulin sensitivity at the whole body level. In the mice fed a HFD, helminth infection, in addition to all these modulations, also improved glucose tolerance.
Analyses of the gut microbiota of infected mice demonstrated a major increase in the phylum Firmicutes, and more specifically in the genus Lactobacillus. This genus is a group of gram-positive, facultative anaerobic bacteria that have been shown to enhance epithelial barrier function and modulate innate immune responses and cytokine profiles, in the gastrointestinal tract [56, 57] .
Broadhurst et al. [58] showed that, in primates, helminth infection helped to restore mucosal barrier functions and reduce overall bacterial attachment. More recently, Walk et al. [59] demonstrated that helminth [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] infection with Heligmosomoides polygyrus induced an increase in the prevalence of the Lactobacillus genus in the gut microbiota and ameliorated colonic inflammation in a murine model of inflammatory bowel disease. Furthermore, L. rhamnosus [60] and L. casei [61, 62] reduce intestinal inflammation in mice, and other species of Lactobacillus have been shown to produce antimicrobial compounds against pathogens [63] [64] [65] and confer a decrease in inflammation [66] [67] [68] . Moreover, intestinal epithelial cells are joined by tight junctional complexes formed by a set of transmembranous junctional proteins [69, 70] , which can modulate paracellular permeability, including the permeability to LPS [71, 72] . Previous work reported that mice treated with a probiotic composed of Lactobacillus spp. showed an improvement in colonic function and barrier integrity [66] . In accordance with other studies [73] [74] [75] , our data showed that, in parallel with an increase in Lactobacillus spp., there was also an increase in the gene expression of ocln (occludin), cldn2 (claudin2), tjp1 (ZO-1) and tjp2 (ZO-2) in the small intestine of infected mice. Based on these data we suggest that the modulation of the gut microbiota induced by Strongiloides Venezuelensis [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] infection may reduce circulating LPS levels, by reducing the permeability of the epithelial layer. However, we cannot exclude the possibility that the observed reduction in the phylum Bacteroidetes proportion (which are gram-negative and have LPS in the outer membrane) may also contribute to the reduced levels of circulating LPS, in infected mice. F. Pace et al. Pharmacological Research 132 (2018) [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] Besides the reduction in LPS in the INF/R and INF/HFD mice, other modulations also contributed to the observed reduction in subclinical inflammation. For example, it is well known that the polarization of macrophages, in adipose tissue, is an important determinant of insulin action, and that classically activated macrophages (M1) in adipose tissue have a prominent role in the development of insulin resistance in obesity. In fact, in the infected mice, there was a clear change in macrophage polarization with an increase in M2 macrophages in the adipose tissue, which certainly contributed to the reduction in inflammation and improvement in insulin action. Moreover, in the INF/ HFD mice, the enhancement in insulin action was accompanied by a clear improvement in glucose tolerance, which suggests that the infected mice have an anti-inflammatory pattern associated with an improvement in insulin sensitivity. Additionally, the immune response triggered by helminth infection upregulates the production of Th2 cytokines, such as IL-4 and IL-13 [76] , which activate the transcription factor STAT6 [75] and improves insulin action. In fact, mice with a genetic deficiency of STAT6 present an insulin action impairment. In accordance with our results, Gonzales et al. [77] elegantly demonstrated that inflammation associated with helminth infection (through activation of the IL-4/STAT6 signaling pathway) enhances insulin action, via antagonism of the catabolic program controlled by PPARα in the liver and by attenuation of adipose tissue inflammation.
Since there was a major increase in Lactobacillus after intestinal infection with the helminths, we decided to test the hypothesis that Lactobacillus supplementation could ameliorate glucose levels and insulin sensitivity after HFD. Interestingly, the supplementation with Lactobacillus ssp. produced a major reduction in glucose levels in the GTT and an almost 40% increase in insulin sensitivity in the euglycemic clamp.
Insulin sensitivity is a homeostatic process that depends on many factors including circulating and tissue levels of certain lipids. Lipidomic analysis of the feces and blood showed an interesting profile that can contribute to explaining the improvement in insulin action in infected mice. In the feces from the small intestine of INF/HFD mice, we found lower levels of palmitic acid than in CTR/HFD. This fatty acid is a TLR4 ligand, which has been shown to exert some pro-inflammatory effects [78] , and is also able to induce insulin resistance [79] . On the other hand, oleic acid (a long-chain fatty acid) was found at higher levels in both the feces and blood of infected mice. Oleic acid can activate GPR120, a physiological receptor for long-chain and ϖ3 fatty acids in macrophages and adipocytes, mediating strong anti-inflammatory and insulin-sensitizing effects [80] . Additionally, previous data showed that oleic acid supplementation prevents obesity by decreasing adiposity and body weight [81, 82] , and also significantly increases the amount of Firmicutes (most notably the Lactobacillus genus) in the gut microbiota [83] . Taken together, we suggest that the changes induced by Strongyloides venezuenlensis infection on the lipid profile of the small intestine and blood may contribute to improving insulin sensitivity, which is also influenced by changes in the gut microbiota.
One possible limitation of our study is that we did not perform microbiota transplantation experiments to ascertain the possible cause- [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] effect relationship between helminth-induced microbiota modulation and improvement in glucose tolerance and insulin sensitivity. However, our result showing that the HFD mice treated with a probiotic containing several species of Lactobacillus presented a clear improvement in whole body insulin sensitivity and glucose tolerance, strongly suggest that the increase in this genus which was associated with helminth infection, may play an important role in metabolic improvement.
In conclusion, the present study demonstrates that changes in gut microbiota caused by helminth infection improved insulin action in mice on a standard chow diet, and, more importantly, reversed insulin resistance and improved glucose tolerance in mice on a HFD. Moreover, the improvements in insulin sensitivity in the HFD mice treated with Lactobacillus spp., reinforces these conclusions. These results further support the intertwined relationship between insulin sensitivity and the intestinal microbiota [84] and are consistent with the previously observed modulations of inflammatory and immune responses associated with obesity and diabetes [85] [86] [87] [88] [89] [90] [91] [92] .
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